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The four basic subjects covered in this session are shown in the cover page
program. Four NASA presentors were: Wayne Johnson, Phil Raney, Bob Huston
and Bensen Dexter. The individual subsessions were chaired by Bill Walls of
Boeing Vertol, Bob King of Hughes, Troy Gaffey of Bell and John Shipiey of

the Army - Langiey.

We spent about two hours on each of these four subjects and handled them one-
by-one. The conclusions from those two hour sessions weren't voted upon.
I'm not presenting the results of a tally of that sort. This is a much-

condensed summary of the consensus that seemed to come out of our discussions.

To start, we tried to relate what the users said in their talks on the first
day (see Volume 11) to the topics we were discussing. We kept score of how
often things were mentionaed - at least those things that were mentioned in the
sense of being important and needing work. Figure 1 shows the matrix that
results. To clarify the chart, it counts only items specifically ment ioned.

I don't think there's anyone who spoke for the users that would not say
reliability was important, but only eight of them actually mentioned it on
Wednesday. However, you note reliability came out at the top of the list,
This chart has a number of interesting messages in it, and 1 won't try to give
them all to you. For example, one of our panels is on vibration and if you
listened for the speakers to ask for lower cibration, only two did that.
However, if lower vibration is also a way to get better reliability, as we
think it is,:then eight speakers asked for that. So there is a need for

transtation that this chart attempts to do.

Pl-2

e s



1 5anfyy

NOTLVHEIA

1509
LHO T3

ISI10) TYHYILH]

3SI0N TYN¥3LX]

OHIAVS T304

1i1-3

><

4434 130

334§

ALIT18YIN3Y

$311504K0)

NOTLYYEIA

ERILDLEERER SJ11Snody

XTHLVW 033N ¥3sn

"ON




You also didn't hear speakers calling specifically for composite airframes

and that was another of our panels. Again, they were asking for reliability.
They did ask for reduced weight and lower cost and all of those are the

payoffs of composite airframe. So it turns out if you keep score this way,

all four of our subsessions were requested by the users, in our interpretation,

whether the user said it quite that way or not.

Our subsession on Wednesday afternoon heard a synopsis of the NASA program as
it exists now. Then, on Thursday, we went into critiquing that program.
Since the plenary session didn't hear the synopsis of their program, this
summary will cover, briefly, what they are doing, and then our response to

that program.

Covering Aerodynahif Performance first, the NASA program wes neatly divided

in subsets as shown in Figure 2. It ranges from working with airfoils alone,
two dimensionally, through adding the rotational effects to make a whole rotor,
complete rotor performance and loads, and fuselage - rotor interactions and
finally complete thicle gerodynamics. Their program, which has many elements
in it, was subdivided to cover this whole spectrum. As you'll see throughout
all four of these sessions, there's been a lot of interaction prior to this
meeting between industry, particularly, and NASA, and their program already
reflects a lot of this interaction. So our session was marked by much more

agreement than disagreement with what is planned.

NASA is doing a number of experiments using laser velocimeters. Four laser
beams intersect at the tip of a rotor blade. With those four beams, they can

measure two components of velocity at a point in the stream near the rotor tip

111-4
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ROTORCRAFT AERODYNAMICS PROGRAM

MAJOR_TASKS

2D AND 3D AERODYNAMIC PHENOMENA

AERODYNAMIC PHENOMENA OF ROTATING BLADE

ROTOR AERODYNAMIC PERFORMANCE AND LOADS

FUSELAGE AERODYNAMICS

ROTORCRAFT AERODYNAMICS
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without disturbing the flow at that point. This i§ a very powerful tool being
used in a variety of ways as we get into some of the tough problems of rotor
aerodynamics. Another tool on site at Ames is the RSRA. A number of programs
now can be launched in that direction, and we really haven't begun to invent

all the ways it might be used.

Now to the critique and our interpretation of the user's requests, (Figure 3).
One item that we've classified under performance and that showed up a number
of times on Wednesday, was the need for real engine-out performance, for a reql
twin engine helicopter. Now, that might be interpreted to meah, “put in very"
ample power;" somebody said, "do it like the French do." Or, it might be
interpreted to mean - pay attention to the perfurmance of the aircraft in those
environments where you only have one engine, and where it's critical. That's
the end of it that the performance people need to address. Over the years,
we've done a lot of work on hover performance and high spe:4 performance, but
if you are concerned about what happens when an engine quits in the process of’
takeoff and landing; that's another element cf performance that really hasn't
gotten much basic research attention in the past. The users kept telling us
on Wednesday that that is very important. To just put in bigger engines is a
partial solution at best. The aerodyrnamicist has a wroblem too, and it's a
tough one. It involves all the sophistication of the problems he's been
working, plus unsteady flows of the rotor, unsteady motions of the pilet's
controls, and all that goes with that. So, we spiked this out since NASA
doesn't have a current activity in this area (There are a few things that
relate, but it reaily doesn't have much attention), and we kind of outlined
here what should be done. To start, there's a need to develop or acquire a
suitable mathematical model and simulation that can handle those problems,

and to get data ih wind tunnels and, hopefully, in flight to prove that those

[11-6
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models are correct. Then, the analyses can be validated using the cata.
This effort would make the tools available to analyze this problem, the
engine-out transient performance problem, in the same kind of sophisti-

cation that we handle hover out-of-ground effects.

The rest of the aerodynamics needs can be broken down between fuel
efficiency, which shows up in several advantages to the user, and increased
speed. Of course, the configuration session got into speed. Here, we are
really talking about advanced highspeed helicopters of the more conventional
configuration. The proqgram, as it was laid out, really seemed to address
fuel efriciency in just about every way anyone could think of. In our dis-
cussions of this, no one had much to add. It's a good program, It was

endorsed.

Speed is more than just performance. One of the reasens a helicopter
doesn't go faster is that it then begins to shake or to make too much

noise, or become hard to fly, or to produce loads in control systems; so if
speed is going to be increased, it takes a systems approach - an interdis-
ciplinary attack oh speed. We had a lot of discussion about that in the
course of our day. How does that relate to what NASA is doing? There were
a couple of suggestions for things that might be different. One is that in
model rotor wind tunnel testing, we should try to get more of the things we
want to learn about in-flight behavior. It's desirable to measure vibration
and measure noise } not just performance. The measurement i t'e tunnel of
vibration, which properly indicates how an aircraft will sh2<e, and the
measurement in the tunnel of noise are both in their infancy, and can well

get more attention;, That would help us get more speed in a real sense.

IT1-8
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Our second subsesion was on acoustics and the NASA acoustics program
addresses primarily the four bullets in Figure 4. The major cbjectives

are to reduce rotcr noise; develop a way to predict the noise (external
noise), reduce interior (gearbux) noise, and finally, define what noise is -

what is it that bothers people about noise.

There is a well laid out program that covers this across the board.

In addition, NASA is currently responding to industry requests to put
more attention on this area. They're in the process of coming up with an
outline nf a new initiative to broaden the current program. Hopefully,
our critique here will help in planning that initiative. NASA is saying,
“here's our program, but we hear you and we are going to expand it, or

propose to expand it." We were really critiquing it before that expansion.

Now, what is the ncise problem? We've attempted to summarize this in Figure 5.
The noise problein is very complex because there are several sources of

ncise. These include the "conventional" noise of an airfoil going through

the air as on an airplare, and noise of a periodic nature because the rotor

is turning and comes by once per revolution, and added, complex sources

because the blade runs into its own wake, or because it goes transonic at

times on the advancing side. These all add up and what you hear is the sum
total, but the analysis of each source is a little different. How you would
measure each of those sources is also a little different, so that it is quite
complex. Typically, résearchers that are working on one piece of the problem,
and have an enormous challenge, are not even addressing another part over on the

other side of this chart.

I11-9




ROTORCRAFT ACOUSTICS

OBJECTIVES
TO PROVIDE A TECHNOLOGY BASE FOR REDUCING ROTORCRAFT BLADE NOISE WITH
MINIMUM PERFORMANCE PENALTY.

TO DEVELOP AND VALIDATE AN ACCURATE  METHODOLOGY OF ROTORCRAFT NOISE
PRECICTION. -

TO DEVELOP THE TECHNOLOGY FOR REDUCING ROT"- RAFT INTERINR NOISE LEVELS.

TO QUANTIFY THE.ANNOYANCE CHARACTERE> .. JF ROTORCRAFT NOISE.

Ficure 4
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. So, helicopter noise is a big problem with NASA's program, both here and at

Langley, addressing just about all of it. It was pointed out several times,

that trying to tie tnis all together to get the whole picture remains,

' Internal noise is 4 part ot the program, Most of the internal noise is

; qenerated by the tansmission, and there are a number of ways to reduce that
/

3. noise when genera »d or on ats way trom the transmission to the ecars of the

passengers. A four year plan working toward demonstrating ways to do this is

underway at NASA - Langley.

- Another uniquo.facility here at Ames for measuring external noise is the YO3A.
It is a super quiet airplane.  You may have seen it tlying around - | doubt if
you've heard it tlying around. 1t carries micvophones on the tail.  The
helicopter whu&uAnoisu is being measured, tlys in tormation with it, away, trom
any obstructions, so that you then qet tree aiv noise measuroments in a very
{ nicely controlled envivonment . Quite a unigue tacylity: and by shaping their
tormat ton ditterent ly, they can measure the nosse in a ditterent azimuth’

relative to the helicopter - to the source,

Our critique 1S summarigzed in Figare b, The tirst need is low external noise -

1. ¢ nuwber of the users asked tor it. What does this mean? 1t has a number ot

o elements to it.  Right now, there's a great debate going on about noise vequla-
tions. FAA is in the process of wdopting a rule which helicopters must mecot,

F | At the same time we're aeeting here, the manutacturers are gathering in Washington

to put together their rationdale on why the rules shouid be ditterent, or delayed.

: | Fortunately, we didn't qet anto that debate in the course of our meeting yesterday -

probably because everybody Anew there was enough debate already taking place,

HE-10
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To meet the proposed new noise rules, things like improved tips and other Qays

of reducing rotor noise are recognized as a way to go. There isn't a'fot in

the NASA program at this point., Much of that tends to be configurafion specific,
and maybe there shouldn't be a lot in the NASA program. We will reach a point
where all the tricks run out and fancy tips won't reduce the noise any more.

The only way to go beyond that paint is to slow the rotor down, if more reductions
are heodcd to meet the rule. Thon there is another research area that will apen
up. How do you slow the rotor down and not penalize yourself badly in performance
or weight? Perhaps high 1ift airfoils will become more important, and we'll

need more NASA involvement in that area. Much depends on where the rule comes to
rest and how far we can tweak things like tips to get within the rule. 'ﬁobody

really knows that answer yet.

Pefining noise sources is a huge subject. Part of our problem in understanding
where we are Pight now is the reoblem of good repeatable data in flight: We'd
love to be able to do more of that in the wind tunnel, and this came up for some
discussion and needs an emphasis.  It's a shame to have to wait until you tly to
find out where you stand on noise.  In the process of all the work gquing on in
the 40' x 30' wind tunnel expansien and improvement, we shéuld be sure it is
upgraded also to be a good noise measurement tacility. Perhaps it even makes
sense to model the way that tunnel would be treated in some smaller tunnel and
make sure it's going to work so when that tunnel comes back up, we have a way

L0 measure rotor noise without going out and flying it.

Even when you go out and fly to measure noise, it turns out not to be casy.

If you run two tests on the same aircratt, or particalarly, it two different
agencies do ity they'1l get two different answers.  So, there's some technology
ot hew you measure noise in a tlight program that perbaps NASA can contribute

to also.
I11-14
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A design-for-noise capability is very definitely in the NASA plan and

that's what they're working on very hard. It's a long term job. Figure 8
showed all the sources and shows why the analysis is tough. One thing NASA
might consider and one that the manufacturers had to fall back on in the
meantime, is a semi-empirical way to get noise predictions. Maybe this can
be left to the manufacturers - we're all doing it - or maybe NASA will see a

way they can contribute to a more universal, semi-empirical noise predictor.

Finally, there's a requirement for quantifying the noise annoyance - psycho-
acoustics - if you will. What is it that bothers people about helicopters?

My next door neighbor has a power lawn mower. The kid across the street has

a motorcyle.  They make more noise than a lot of helicopters - at least in my
living room they do. There's a suspicion that it isn't just helicopter

noise that's of concern, but it's the fact that if you can hear something

up there, maybe it's going to fall on you. For people who aren't in the air-
craft business, that's an understandable concern. Maybe sometimes a noiée
complaint really is not about noise,it's about safety or something else. If

the concern really isn't noise, it's more of a problem. I[f we really have to
become undetectible so the public won't even know that a helicopter is overhead,
then no amount of lowering the noise standards will do any good. This couid

be very important. I think one of the user's called it an "irrational response."
If public noise demands remain irrational, we'll be frustrated in trying to
meet that standard, So we need to get this down to numbers. In the case of

both the aircraft requirement and the heliport requirement, we need to have
noise descriptors that can be put down in technical terms that you can, in fact,
meet. Then when some private citizen comes in and says that's too noisy, and

what he really means is, he's afraid it will fall on his head, we can say no

IT1-15
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it meets the standard that has been agreed to by all the world and it's OK.
Hopefully, reason will prevail and the helicopter's potential won't be

unnecessarily restricted.

There is another criteria question on internal noise. The question gets into

the nature of the difference between the noise you hear in the helicopter and
that which you hear in a fixed wing airplane or in other environments. How

do ycu mgasure it, PNdB or speech interference levels or what? You get ditferent
numbers with different mixtures of kinds of noise, so we can't just say we'll
meet fixed wing standards because of the different nature of the noise. Work

is in process here. Noise reduction means are in the NASA program to some

degree now - hopefully, we'll see it in their augmented program even further.

Let's go on to vibrations. 1 mentioned earlier that vibration reduction realiy
turns out to be, in many cases, a means to accomplish reliability improvement.
The NASA program (Figure 7) covers just about all elements of the problem:
improving ways te predict the vibration sources, to predict better the airframe
response, to suppress vibrations at the source, and to reduce response to
residual vibration. It's a really good broad approéch across the board. Three

examples from that program are given here.

111-16
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Every company is working on higher harmonic control and is delighted to
see NASA supporting this to a real hardware demonstra ion. There are some

things you just can't analyze.

So the user need in the vibration area isn't particularly low vibration.

It is to get more speed, more payload, more reliability and keep the vibra-

tion down (Figure 8). We'd like to reduce the weignt of the qadaets used

to control vibration, to improve prediction capability, and then

to have some concepts for working it cheaper and lighter.

One way of reducing the weight of vibration control, of cerse, is to build

a rotor that doesn't create so much excitation in the first place. That is

one of the objectives of the advanced rotor program that NASA is now pursuing -
a major element of "their program. If there was a message related to that

that came out of our discussions, it was to be sure to keep as versatile

as possible. Every manufacturer has his own pet idea of how you solve

those problems, and the more versatile this methodology and hardware is, the

better it will be able to try them all out.

Improved prediction capability is being addressed. I mentioned the NASTRAN
before that's the big analytical problem we've all been working on for a
Tong time. We're getting to the point where it should be possible to really
have a correlated analysis of the loads and of the response of the airframe,
$0, we can say with some confidence, before you fly, what the vibration is
going to be. One of the speakers at our session pointed out that the level
of attention to vibration goes up dramatically after first flight, as

though we didn't know we had to work on it before then. After the first

flight we discover, "What do you know? It shakes'!" We really have to get

f11-18
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out of that mode. We're not in that mode because we haven't tried. It's

a tough problem and NASA is working on it. Don't give up!

Cne re]ativély new element that got a lot of attention is loads coming 1in
from the tail. We've all gone to high speed helicopters, and to make
them fly better, we've put on bigger tail surfaces. More and more they
then pick up the wake of the rotor, and we've all discovered that that's
a pretty good source of excitation as well. So you can't just work

the rotor as a source. The tail is another one, and work in thaflarea

is in the NASA plan.

I showed you the higher harmonic control in the OH-6. The message that came
out of our discussion of that is "make sure you pursue it to the bottom
line." It's been historic, unfortunately, that scmetimes when You run one
experiment it has a ﬁegative result even though it was a good idea to begin
with. We hope the QOH-6 test have a positive result, but should there be some
kinds of difficulties, all the industry is watching this,so don't give up
easily. NASA should press on until we find out whether HHC rea]]y_has a
fundamental problem or if fundamentally it will work, because we'd all

like to use it.

Equipment for helicopter environment may have core up in the pronulsion

session as well. This gets back to the relationship between vibration and
reliability. We think they are strongly related, but there is really little
good quantitative correlation that anybody can point to. How much do you have
to reduce vibration in order to get more reliability out of hardware? Are

we already there, or how far do you go - what's the payoff? If some controlled
experiments could define the vibration/reliability dependency for typical

components, we could attack reliability improvement in a more rational way.

I11-20




The NASTRAN finite element anaiysis of airframes has been used for years both
for static stress prediction and for vibration prediction. In the vibration
prediction area, it's been rather well recognized not to have been able to do
the job. We get into heated debates as to whether the analysis or the analyst
is the problem. If you take a “system" view of it, the system, the man plus
the computer program, doesn't work well enough and needs to be improved. I
guess nobody questions the mathematics. However, it's very tricky to load
everything properly - to know how to represent the stiffnesses and masses and
joints in an airframe so you can predict the vibration properly. It's a
demanding problem. It's not like an airplane with a wing which has a couple

of dominant modes. We may be worried about 30 modes of the airframe. The CH-53

program was run many years ago to try to correlate NASTRAN (with limited success).

There is a new program now underway to review this and essentially do it again

better and more carefully with the CH-47. That effort is just getting started.

Another area is the inter-action or coupling between the rotor and the airframé.
It's now been learned you can't treat the rotor as a package and the airframe

as a responding package and forget about the interaction one with the other,

and so there are active programs NASA is supporting to find out how those two

tie in together,

Thirdly, in the area of trying to suppress the vibration, a program now has
been turned on to fly higher harmonic control. High frequency control inputs
will be fed into the.rotor, based on vibration seen in the airframe, to kill
the vibration right at its source. Hughes is going to fly this on the QHb

and the whole industry is following it,

111-21




Perhaps we sught to write specifications differently for equipment to

go on helicopters. Even prior to, and in addition to that, we would knowv
how to target our vibration reduction efforts better. For example, we'd

know that if you can drop from 0.2 g's to 0.1 g's in the avionics cow. vartment,
it will save so many millions of dollars in life cycle cost. If we had

those numbers, we'd be better able to focus our efforts, to the user's berefit.

Comfort criteria come up in acoustics as well as vibrations. In the vibration
area, this is a little complicated since a helicopter has more than one frequency
of vibration in more than one direction, accompanied by noise. As we work this
problem, how do you define goodness? What is the effect of frequency and of
multiple frequencies? Are noise and vibration tolerances coupled or independent?

Some basic work here would help us know how hard to work and in what direction.

Finally, the fourth area for our session was advanced composites. The NASA
program here (Figure 9) is again broad. It includes flﬁght service evalu-
ation on aircraft, some basic research activities in composites applications,
and then a new initiative looking towards the next generation of composite

airframes which make more aggressive use of composites.

The flight program goes way back. The CH-54 has been flying for ten years

with boron stiffners. The S-76 is in service with advanced composites and

the CH-53 cargo ramp is about to fly. The 206 composites Program has just gone
cn contract. The S-76 stabilizer and tail rotor blades will be brought back
from service after two, four, six, and eight years out flying in places like the
Gulf. They will be tested in the laboratory, torn apart, cut up, bent,

and broken to see what long term service does to advanced composites in the
field. :
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NASA COMPCSITE HELICOPTER AIRFRAME PROGRAM

o FLIGHT SERVICE EVALUATION OF COMPONENTS
o ONGOING BASE RESEARCH ACTIVITIES

e PLANS FOR ADVANCED TECHNOLOGY DEVELOPMENT

Figure 9
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In the Bell 206iL program certain composite parts are being substituter for

the normal parts, and put in service around the vorld. A large number of
parts will be introduced anc tnen brought back after they have had service
exposure to see what the environmentidoes tc them. NASA aims tc accelerate
the learning process in both these cases to reduce the risk that hangs over
this whole composi‘tes area as long as there i not as nearly a big a data

base in the use of these matorials as there is in matals.

Figure 10 indicates some of the people tnat NASA has been~talking to about
putting the parts on the 206. These actions are not all in firm plans yet,
but you can see that the plan is going to put composite parts in a lot or
places - a lot of.different kinds of envirorments - and we should learn some

things fairly quickly.

Figure 11 should clarify where the longer term NASA pragrém fits to ACAP -
the Army's Advanced Composite Airframe Progrim. ACAP is now in the heavy
negotiation, competiticn stage. All of the centractors, who are here not
talking about it are involved in competing for that program. What NASA

has in mind, then, is the next step peyond ACAP, and it's not too early to
begin thinking about that. What we're really recognizing is that we are on
a very s.eep learning curve in use of composites at this point. Every time
Juu try sumetring new, you discover how you can do it even better next time.
That steep learning curve is headed toward getting Lhe full berefit of the
composites. Until you have learned a'l you need tc know, vOu tend not to

nush the strengths of these materials as far as you shouvld and therefore

not to got the benefits of weight saving and/or the reliability that s

111-24

™




POTENTIAL OPERATORS TO EVALUATE COMPOSITE COMPONENTS
ON BELL 206L HELICOPTERS
OPERATOR LOCATIO
TRANSPORT CANADA N.E. U.S./CANADA
, HEL1-VOYAGER , N.E. U.S./CANADA
’ HUISSON AVIATION LTD. N.E. U.S./CANADA
ROYAL CANADIAN MTD. POLICE N.E. U.S./CANADA
| TRANS. QUEBEC LTD. N.E. U.S./CANADA
| TRANS. CANADA HELICOPTERS N.E. U.S./CANADA
RONSON AVIATION N.Z. U.S.
INTERPACE CORPORATION NEW JERSEY
ISLAND HELICOPTER CORPORATION NEWFOUNDLAND & LABRADOR
ERA HELICOPTERS, INC. . ALASKA
KENAI AIR ALASKA, INC. ALASKA
MOBIL OIL COPT.-ATION GULF COAST
BLEDSOE AVIATION, INC. GULF COAST
PETROLEUM HELICOPTERS, INC. GULF COAST
|
Figure 10
1
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fnherently there, So, this Tooks like a very timely step, rather loosely

1. detined, What s it that the next ceneration will bring in that we don't
{i . . .

p have now! 1 i< too ecarly to say. 16 we knew what il was, we'd probably
i

be putting it in now,

In summary, advanced composttes addeess several user needs as saown o brame 17
but 1 couldn't establish a one-to-one correspondence trom user need.  The user
will goet several benefits.  Weight, cost and retiability arve the primary reasons
tor advanced composites. Fuel economy comes trom the reduced weight.

A separate item, getting rid of corrosion, is an obvious benefit, Move

about crashworthiness in d moment.,  The tirst qeneration advanced composites

are in evaluation right now, and the program covers it well, We've Tooking
. towards the next generation, towards really getting the best out ot what
composites have to oftter.  We essentially endorse their program in these

areas - more application to primary structures, not just scecondary.

More of a look at encrgy absorption - crashworthiness is needed.  These
materiais tend to be brittle and it vou don't destan properiv, vou could
wind up with something that is not. crashworthyv,  it's a potential negative,

We now hnow enough to Anow that it vou desian properly, vou can turn that

around and it's not a negative necessarily,  Let's make it a positive.

Lower costs are not automatic.  There are wavs to build things of composites
such that vou don't, in tact, save money.  Here, too, there's a learning
curve, and the second generation of ACAR will provide oven more payvott,  The
Area of fatigue will need even more work and that was the one spiked out
oo discusstons,  That will be agetting more attention as we beagin to push

the matertals closer to thete tull capabality,
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And finally, we noted one other side effect of composites. If you bond the
whole airframe, it tends to be a nice tight structure without any little
slip of joints where there are rivets and that sort of thing. There is some
concern that the inside of the cabin is going tn be like the

inside of a drum. Transmission noise may be transmitted better and make
cabin noise a good deal worse than it is with a metal airframe with all of
its imperfections. 'Really. at this point, it isn't known whether that's
going to be a bigger problem or a lesser problem. There have been some
tests that say it's not quite as bad as I've made it sound. Here again though,
there ié an opportunity to turn composites into a plus and not a minus.
Composites can be tailored to do many things, and there ouaht to be ways to
make the composite structure not only strong and light, but capable of
damping out those noises before they get down into the cabin. This may be

long term, but it's an area where perhaps again NASA can help.

Generally, in our session, we tried to say what the user had told us he
wanted and to respond to it. [ must say that the users were generally

not at our meetings. [ hope we heard you right.

The NASA program in the Aerodynamics/Structures area is extensive, and

could be given only a limited treatment in the time available. This

summary has tended to emphasize the changes we'd like to see, but it needs

to be said, again, that the current program is endorsed in most areas.

As helicopter fleets and usage continue to grow, technology improvement

still to be made can have a substantial pay-off, and we welcome and encourage

NASA's participation with us in this exciting future.
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NASA A TCRIDATT AZRCDYNAMICS FRCGRAM

PR

¥ayne Johnson

There are two primary objectives of NASA's recearch Drogran on
heliccrter aerofyranics an® performance. The first obiective ir to develot
‘P“IOVP" aero’ynanic design netho”ology for Hﬂlicooterc and rotors, therehy
refucing the erngineering ~“evelcpment require® for new or irrrove? rotorcraft
decisnc, The en® result is refuced aircraft developrent cocts., The secon?
Ob’”‘tl?e is to “evelor rotors an? rotorcraft with improved aerodvnanic
efficiency, theredby re‘“cin~ aircraft cnerating costs., Alternatively
‘“.*cve‘ effic*en"v can be ured to cffeset performance degradationr Hue tc
other “erign conctra nt* {such as nei se). The aprproach for this research
prcgran involves both in-houre an? contracted work. The apprcach consiste
of theoretical investigations, including analysis technique developments
and the cdevelornent cf design or evaluation computer programs; cmall scale
wind tunnel investigations, ircluding tunnels for airfoils, low spee? tunnelr

and transonic tunnels, both in government and in industry; full scale win?
tunnel investigations, confucte? in the L0- by ROFt/90- by 120-Ft "in® Tunnel:
an?! flicht invectigations on both governrment and industry research helicopter,
an? on the R0*tor Systerms ”e°eﬂrch Aircraft (?S?A). The aerodynamics progranm
five rajor rerezrch areas: 2D and 3D aerodvmaric
pheno rena of the rotating dlade; roter zeroivnaric
fuselzge zero*ynamics; and rotorcraft aerofynanics.

ray be ~ividle? into T
chenormenz; zero’yrnzric
rerformance an? leoadcs;

v

2?2 an?® 2D zerodynamic phenonmena iare those problems of helicopter

rotors that can be nodelled by nonrotating flows, perhaps even two-dimensioral

flows. GSpecific yreblens are dynanmic stall; blade-vortex interaciion:

tip vertex ferrmation, 1nc‘uﬁi ng the influence of tip rhape and the “esign

o crtim2) tip gecmetiries; airfoil sectionc; an® the transonic flow over blade

tips. Thece phencnena can be relate? to the princiral prodblems of helicopter

rotors: acverre effects on perfornance, high loa“c, high vibrztion, high

nnise, z2n” adverse effects on han?ling qual‘ties. For exanrle, “ynamic stall

is a fzcter in le=fs, vitration, an® handling qualities limitatiorns; and the.

blade tip vertices are invelved in almost 11 of the problems cof the helicorter,

stero?yrnanic phenonena of the rotating blace are thore problems

that inher en‘lv invelve influences of rotation on the flow, an? concequently

alro Involve the entire rotor. CSpecific rroblens are the rotor wake, inclufing

it formation, riructure, an® influence on the dlade airloats; and conputaticna

fui? Pyramices, incluting fevelctent of iranconic (3D, rotating, uncteaty) an?

S Arain there rerearch arezs can be relate? to the
reliccrpter rotors {zlthoush rotary win? Theronena are
elate” that it cxrn alsc be argued that every rpecifis
rone extent all the rredlenc
cic rerfornance an? loa’s are those prodlens

that iavelved the 'ﬁtv’;ctea effects of the aerodynamics on the hellco“ter

rotor. “recific frob‘eﬂc are rotor performance, incluling perdiction or

ornti=mization, an® the influence of tip planform an? eiher variadbles:; bla‘e
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airloads measurenent and prediction; and invertigations of advanced configurations,
including full scale wind tunnel testc and flight tests on the RS=4,

Fuselage aerodynamics are those problems that involve the aerodynminics
of the fuselage ard t111. Srecific rroblens are the dras of the helicopter
fuselage and hub, which is a mijer facter in the atreraft rerformance; and
the aercdynanics of the aircerame and tail, which influence the helicornter
handling qualities,

Rotoreraft aerodvnamics are thore rroblems that invole the entire
helicorter, pirticularly interference effects. Srecific problens are
the interactional aeroiynamic characteristics, both nean an? vibratory
interference; and the aerodyvnamic performance of the conplete alrcraft.

1n sunmary, the aerodymamic research rrogram of NASA included
work on the entire rrectrum of rhenonenma, frem oD noarotating prodlens,
to the aercdynanic of the entire helicopter. The research has the objective
of “evelering inproved unierstanding of the rhencmena and the means to
pre’ict then, thus inrroving helicopter design methodolepy. The recearch
ie alro directed at developing rotors ant rotorraft with better aerofvnamic
efficiency and exmainded campability,
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OVERVIEW OF NASA'S ROTORCRAFT ACOUSTICS PROGRAM

J. P. Raney, D. R. Hoad, and J. C. Biggers

N INTRODUCTION

(’ . The purpose of this presentation is to outline the essential elements of
a N/.SA's present rotorcraft acoustics program. Participating in this research

activity are the Langley, Ames, and Lewis Research Centers. Overall program

! direction is provided by Mr. John Ward, NASA Headquarters, Washington, D. C.

OBJECTIVES
i NASA's goal is to develop technology leading to noise reduction and to-
1 accurate prediction methodology - that is, a design-Tor-noise capability.
i Additional goals include the reductior of interior noise and the quantification
| of the annoyance characteristics of rotorcraft noise.
Qur objectivés may be enumerated as follows:
1. To provide a technology base for reducing rotircraft blade noise.
2. To develop and validate accurate m-thédo]ogieé of rotorcraft
aerodynamic and noise prediction.

3. To develop the technology for reducing rotorcraft interior noise

levels.
“\ 4. To develop isgroved noise metrics for quantifying the annoyance
1 characteristics of rotorcraft noise.

]

i

1 PROGRAM MILESTONES
{ Our program may be described in terms of its major tasks, anticipated

3 milestones, and expected results as indicated in figures 1 and 2. The
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remainder of this presentation deals with a discussion of these milestones
and their significance in achieving the expected results shown in figures

1 and 2.

ADVANCED NOISE PREDICTION METHODOLOGY

As indicated in figure 3, the emphasis of this task is on developing and
validating a comprehensive design-for-noise capability for rotorcraft. The
Langley Research Center provides the focus for this activity.

Figure 4 shows a typical result of a recent prediction validation study
in whicn Bolt Beranek and Newman exercised the Farassat/Nystrom rotor noise
prediction program (ref. 1) to compare predicted noise levels with an existing
aeroacoustic data base (the so-called Bell Operational Loads Sirvey data base)
of measured blade pressure loads and far field (ground) noise levels.* The
calculated resultsvwére made using the Bell measured blade pressures and |
assumed a hard ground plane. Noise levels in the forward arc are slightly under
predicted; however, the rear arc levels are overpredicted by as much as 3 dB.

Figure 5 shows a comparison of measured and calculated harmonics for
an emission angle of 15 degrees (forward arc - aircraft approaching). The first
several harmonics are underpredicted which results in the forward arc under-
predictions shown in figure 4.

The results of this study and a similar study using Sikorsky CH-53 data
(ref. 2) are encouraging and indicate good agreement between measured and
calculated noise levels dominated by thickness effects and deterministic

periodic blade loading.

*To be published as a NASA Contractor Report in 1981.
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Figures 6 and 7 give further prediction validation results. In figure 6
the predicted sound pressure pulse (thickness effects only) for a scale model
UH-1D helicopter with standard existing blades is in nearly perfect agreement
with the measured pulse.

In figure 7, the same time pulse is shown on the right. In the top left
portion of the figure is a calculation of the noise reduction potential in
terms of SPL of the advanced blade design using che Farassat/Nystrom prediction
program. In he bottom left of the figure the calculated noise reduction in
terms of peak-to-peak sound pressure is shown to be in excellent agreement
with the experimental results.

The results shown in figures 6 and 7 are particularly noteworthy because
the advanced model rotor was designed for improved aerodynamic efficiency. Not
only was the aerodynamic efficiency increased compared to the original design
blades but the errall noise was reduced by 10 d8. These results are clearly
indicative of the benefits to be obtained from the application of advanced
noise prediction and aerodynamic optimization methcdologies in which rotorcraft
performance and noise tradeoff studies can be confidently conducted. The
addition of broadband and nonlfnear effects to the Farassat/Nystrom prograh
(as shown in figure 1) will further enhance the usefulness of NASA's advanced

prediction capability.

BASIC NOISE RESEARCH
The second task area is basic noise research which attempts to isolate
and quantify fundamental noise generating mechanisms. The effect of tip shape
on blade/vortex_ﬁnteraction (BVI) has been studied and reported in reference 3.

Figure 8 shows ¢ comparison of the noise levels of five tip shapes tested
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which indicates that'proper‘selection of tip shape can reduce BVI by altering
critical vortex characteristics. The BVI phenomenon is the focus of continuing
research on basic mechanisms and the effects of scale.

Another major area of basic noise research is nonimpulsive or broadband
noise. Figure 9 indicates several of the potential noise generating mechanisms
associated with broadband noise. An experiment in Langley's anechoic flow
facility will be conducted in the near future in which these mechanisms will
be isolated and studied individually with the goal of achieving a quantitative
ranking of the importance of each. Figure 10 summarizes Langley's CUrrent

nonimpulsive research activity.

MODEL SCALE AEROACOUSTIC DATA BASE

The modelscale and full-scale data acquisition tasks are described in
figure 11. Figures 6 and 7 showing tunnel data for the UH-1D model, high- --
lighting prediction validation research,provide a good example of the applic-
ability to validation of model-scale acoustic data obtajned from the Langley
V/STOL tunﬁel. Figures 12, 13, and 14 show an .RSRA model, an AH-1G modetl, —
and the UH-1D model respectively in the V/STOL tunnel. These figures
indicate the evolving application of the V/STOL tunnel to acoustic measurements.
Using an early RSRA model,BVI was generated and measured. No acoustic treatment
was used. The AH-1G model was used again to generate and measure BVI for
comparison with full-scale data for this mechanism. Acoustic treatment was
used to enhance the quality of the measurements. Finally, figure 14 shows
the UH-1D model previously discussed together with further improved acoustic

treatment.
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The V/STOL tunnel is presently capable of generating high quality
acoustic data. Further enhancements will continue to improve upon this
capability. The V/STOL tunnel will play an integral role in NASA's rotor-

craft acoustics program.

FULL SCALE AEROACOQUSTIC DATA BASE

The acquisition of full-scale aeroacoustic data is an essential element
in validating prediction methodology and in quantifying the effects of scale
on aeroacoustic data. Current planning calls for acquisition of comprehensive
air-to-air and air-to-ground data sets for the Cobra (AH-1G) at the Ames
Research Center iﬁ the early spring of 1981. The Y0-3 aircraft used to
acquire the air-to-air data is shown with the Cobra in station keeoing position
in figure 15.

The test matrix for the Cobra flight experiment has been Jointly prepared
and agreed upen by the Ames and Langley Centers. The resuits of the flight
experiment will be used to guide and correlate with a portion of the V/ST0L

Cobra experiment indicated in figure 1.

'MODEL/FLIGHT SCALE ACOUSTIC CORRELATION

As indicated in figure 16 determination of the erfects of scale on noise
mechanisms is an important task in the rotorcraft acoustics program. The
first efforts will involve the AH-1G and UH-1D aircraft model and flight
aeroacoustic data sets as indicated in figure 1 and will focus on BVI. Figure
17 provides an example of an early attempt to correlate (mentioned earlier)
the effects of scale on BVI for a model and full-scale AH-1G Cobra aircraft.
Notice the similarities between the model and full-scale results shown by

both microphone locations. This study, while somewhat qualitative, is
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indicative of the results that may be obtained from tunnel and flight experi-
ments that are carefully coordinated to quantify the effects of scale on
rotorcraft noise. Success with this activity will lead to greater significance
and usefulness of model data in determining the acoustic properties of a

full-scale aircraft with less reliance on costly full-scale tests.

INTERIOR NOISE REDUCTION

Interior noise reduction studies are being conducted as indicated in
Figures 2, 16, and 19 to achieve increased comfort of crew and passenjers
with minimum weight and cost penalties. Figure 18 outlines sciiematically some
of the potential methods of reducing the noise and vibration levels within the
cabin. A program is underway to quantify the sources of the noise and to
identify the patns of the noise into the cabin.

0f particular fmportance is the structural-borne noise transmitted by
the main rotor gear box and methods of controiling bot~ the vibrations and
noise due to this scurce. The development of validated predictive models
of the effectiveness of various noise control treatments designed to withstand
the physical and operational conétraints of a typical rotorcratt flight environ-
ment will be evaluated based upon subjective response criteria develeped for
passenqger environments. The passenger acceptance of aircraft interior noise
and vibration as well as community reaction to the exterior noise are part of
the LaRC program in acoustics and noise reduction.

Research on the interactive 2/ fects of broadband noise with multifrequency
and multiaxis vibration has been conducted using the Langley Passenger Ride
Quality Simulator (PRQA) (ref. 3). This researcn has resulted in a general

model and de.ign tool for prediction of passencer ride comtort wi in complex
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ride environments (ref. 5). The basic elements of the ride comfort model

are illustrated in Figure 19 for the particular case where the ride environ—.
ment consists of interior noise combined with vibration in the verticai and
lateral axes. The model uses empirically determined laws to compute discom-
fort produced by vibration in each axis individually, combines these to |
obtain combined axes discomfort, corrects for trip duration, and then applies
a correction for noise discomfort. Qutput of the model is a single number
index measured aloﬁg a ratio scale (Disc Scale) of discomfort.where a vilue
of unity is equal to discomfort threshold. Research is continuing to develop
model corrections fdr narrowband noise, i.e., noise with significant tonal .

content. ’

PSYCHOACQUSTICS

The underestimation of effects of the impulsive nature of sone he]icobfér
noise nas often been singled out as the reason that presemt noise metrics inade-
quately predict human response to helicopter noise. ‘Recent research sucn.
as reference 5, hoﬁever, has indicated that other aspects of helicopter noise
may be equally responsible. The psychoacoustic research progrém at Langiey,
as indicated in figures 2, 20, and 21 include both basic and applied studies
to improve tne guantifications of helicopter noise. Of marticular interest in
the basic program are the separate and combined influences of main rotor, tail
rotor and engine noises. In other more applied studies the main interest is
how well the annoyance due to the noise of present and future helicopters is

predicted by current and proposed noise metrics.
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ADDITIONAL RESEARCH AREAS

Two additional areas of rotorcraft research, not presently funded, are
worthy of mention. Gear box noise is a major contributor to rotarcraft interior
noise levels and is a prime focus in attempts to reduce these levels. The
other area is engine noise. As the derodynamic (rotating blade) sources of
noise are reduced, turboshaft engine noise becomes significant and may represent
a noise floor in the sense that airframe noise is considered a noise floor for
CTOL aircraft. Present noise prediction methods for high-bypass-ratio jet
engines may require modification for application to rotorcraft propulsicn systems.
Both of these noise sources are Lewis Center areas of responsibility and will

undoubtedly become elements of NASA's rotorcraft acoustics research program.

SUMMARY

In surmary, the NASA rotorcraft acoustics program is a cooperative activity
involving Acoustics and Noise Reduction Division and USARTLE Structures Labora-
tory at Langley and the Helicopter and Powered Lift Division at Ames.

The program comprises model- and full-scale aerodcoustic experiments
together with development of a comprehensive analytical model of Fotorcraft
noise generating processes. Additional program elements include interior
noise reduction and noise metrics research at Langley,

Source noise reduction, a design-for-noise capability, interior noise
control, and improved rotorcraft noise metrics constitute the basic thrusts of

NASA's rotorzraft acoustics research program.
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HAA/NASA ADVANCED ROTORCRAFT TECHNOLOGY WORKSHOP

COMMENTS ON PERFORMANCE TECHNOLOGY

Troy M. Gaffey

I have only one point to make with respect to NASA's program
for rotorcraft aerodynamics--"The accuracy of rotorcraft perform-
ance prediction is inadequate because of inadequate mathematical
models." Generally speaking, power required can be predicted to
3% accuracy using state-of-the-art methodoloqgy. Three percent may
sound good, but keep in mind that for a 10,000 pound helicopter, it
represents two passengers in terms of hover payload and a 21% error
in terms of OEI altitude (Fig. 1).

- Industry must aim for 1% or better prediction in hover and
minimum power required. To achieve this goal much improved, prac-
tical analytical models of rotorcraft aerodynamics are required'
(Fig. 2). In order to validate these improved analytical models,

B test techniques must be improved to provide a data base accuréte

. to better than 1%.

- NASA's research in these areas can make a significant contri-

bution to improving the accuracy of performance prediction.

[y
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Summary of Remarks of Jack Landgrebe
(Chief, Aeromechanics Research Section, United Technologies Research Center)
Panelist, Aerodynamics and Structures Technical Session
HAA/NASA Advanced Rotorcraft Technology Workshop

In addition to identifying NASA technical goals and selecting and prioritizing
the rotorcraft technclogy tasks required to accomplish the goals, sufficient
attention should be given to other aspects related to the means of achieving those
goals in a manner which NASA and industry operate in a coordinated and efficient
manner. 1 shall label the four aspects which I will address as ''the four Is":

-Inter-relationship
-Interdiscipline
-Integration
-Interaction

Greater attention should be given to the *inter-relationship" of the various
technical areas in the selection of specific programs and tasks rels ed to rotorcraft
aerodynamics technologv. Tt is well recognized that aerodynamic scvdies, particularly
those related to helicopter airflow and rotor airloads, can be directed to the
chjectives of performance, structural loads, vibrations, handling qualities, stability,
and/or noise. The requirements for each of these objectives and how they are
inter-related to the aerodvnamic characteristics must be recognized in the formulation
of research vprograms. For example, it is well known that in the establishnent of a
project related to blade airload methodology, that compromises nust be made regarding
the level of analvtical sophistication ard computer resource requirements. For any
new analvsis the selection of technical a suﬂptioné and the compromise between
| accuracy and corputer tirme and storage utlization directly determines which of the
‘ above technical obiectives the resulting airloads orediction is anplicable to. This is
exerplified by the much rore stringent aerodvnamic methodology requirements for
vibrations and noise prediction as cormpared to performance. In selecting and prioritizine
the specific progrars and tasks for “ASA's rotorcraft aerodvnamics plan it is
recommended that greater attention be given to avoiding the tendency to subdivide and
separate tecanical objectives and project selection into the catepories of performance,
vibrations, etc., and instead direct aerodvnamic methods and tests toward consideration
of reasonable combinations of these obiectjves.

Interdiscipline

In order to address the inter-relationship between the above technical objectives,
the rotorcraft technolozists and planners must become increasinaly interdisciplinary
in their outlook and capabilities. The requirenents for corbining technical disciplines

4 (aerodvnarics, dynamics, structures, acoustics, etc.) in research prosrans is increasing
as the state of rotorcraft techneology matures and problens directed at the total
1 aircraft svstem become more prevalent. Aeroelastics, acroacoustics, etc. must become

the interdisciplinary framework for technical projects. Technical plans, personnel
capabilities, and. organizational structure should increasing'y reflect this requirerent.

111-159 o
PRECZDU.G PALE Lokl ROT HLMED




T

Integration

More advanced planning should be given to how the results of analytical studies
and experimental programs will be integrated into the rotorcraft design and
diagnostic computer codes. Although it is well recognized that fundamentil studies
of mechanisms and behavior are very much needed in the rotorcraft aerodynamics and
structures fields, attention during project formulation as to hcow the data wwill
eventually be integrated into the engineering procedures utilized b, the helicopter
industry will facilitate the transition from research results to ergineering practice.

Interaction

Government/industry planning and technical interaction in the rotorcraft field has
increased in recent vears as exenplified by this Advanced Technology Workshop. Fowever,
considering the recent increase in NASA rotorcraft activity and th-~ accompanying
re-organization and influx of new staff, the following is recommended. VASA/industry
interaction should increase to the level such that there is a much improved co-awareness
of current and planned activities among technical counterparts to avoid redundant
efforts, irmprove cooperation on related efforts, and make greater use of existing
computer codes and experimental facilities.
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Performance Session - Discussion

More efficient use of facilities is needed, and better
communication between NASA and industry.

Extreme accuracy (19) is needed in performance prediction and
performance measurement.

Rerodynamics involves interdisciplinary interrelationships
with other fields such as vibration and acoustics. Inter-
action with workers in those fields is needed to integrate
resedarch and development.

Performance prediction at low speed under the transient
conditions involved after engine failure needs attention.
Operators want real twin engine safety and this implies
adequate OEI performance. The regime is difficult to
analyze or to test. Perhaps RSRA could be used.

Aerodynamic load prediction is not yet adequate for acoustics
prediction.

Airloads on tail surfaces have become important to vibration.
Helicopter companies use far less large scale wind tunnel

testing than fined wing companies. The complexity of the
problem suggests this is not right.
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Robert J. King
Hughes Helicopters Inc.

Summary:

The challenges facing the helicopter acoustics discipline have intensified
recontly.  Upcoming federal repgulations witl require reduced external noise
peneration and reduced community wise cxposure at heliports,  The increasing
use of the helicopter as a large scale people mover and V1P transport has
placed higher priority on improvement of the internal noise euvironment,

These requirements run counter to lcag term trends of higher speeds and lighter
weight, more rigid structures which have tended to increase noise generation,
Technolopy is required to reverse these trends.

The primary industry concern regarding the new noise regulations is that they
impose noise reductions which will require cconomic penalties to at tain with
the current state of the art in noise control, Technology can be developed .
to permit redesipn of current production helicopters and design of new models
to meet such rules with reasonable economic impact, but it is not available
now,

External Noise:

The tirst echelon problem area in external noise control is that of noise.
prediction,  The currently available engineering tyvpe prediction aethods do
not produce results which provide reasonable contidence of meeting a rule
without unacceptably larpe desion margins, These margins are unacceptable
beeause they necessitate large noise reduct ions which translate into economic
pemalties.  Further, the cngineering type prediction appreach does not provide
cnotuph accuracy to properly rank and define noise sources for noise control
tradeof s and evaluation of noise reduct jon modifications, The rescarch type
prediction methods, which provide some promise of improvenent, are severely
limited in theivr application because ot corresponding limits to avrodvnamic
load prediction. [t is felt that a predict ion approach combining the engi-
neering and research methods is needed to treat the multi-sonree rotor noise
problem with the desired accuracy, completeness, flexibility, and afford-
abitity., Development o such a method should be one of the major thrusts of
the iony term helicopter acoustics eftfort.  The engincering methods must be
improved through o preatly expanded experimental data base for use in the
near term.

Turboshatft envine noise is an important sccondary source of helicopter external
noise that will emerge as a lower nojse limit as votor noise is controlled. It
has received lTittle attention in the past. Research must begin in carnest to
Jdevelop means to control this noise, preferably at the source vather than via

add-on silencing, so that they are available to complement lover rotor noise
when necded, .
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Heliport noise regulations require a good deal more study before they can

be establishied with a sound technical base. Available background informa-
tion is' aimed predominant.; at fixed wing aircraft and there are strong
reservations among those in the helicopter industry regarding their appli-
cability to this type of vehicle. The accuracy of the basic noise descriptor
is in question as is the critical footprint methodology by which heliport
criteria will be applied. Noise abatement capabilities of the helicopter
have not been investigated and incorporeted into planning for such a rule
and the basic environmental benefits which are its objective have not been
properly assessed. The result, without the needed technology development,
could be criteria which penalize the helicopter industry with doubtful gains
for the community environment,

Internal Noise:

Internal noise prediction and control is in ..eced of ‘echnology development
like external noise., However; in addition, theve i- a lack of jenerallvy
accepted criteria for internal noise in the commercial field. The discrete
mid/high frequéncy dominated character of helicopter internal noise 1s quite
different from that of transport cateporv or generel aviation airplanes. This
character difference changes the relationships between noise level, speech
interference, and annovance such that eriteria desivned for more common noise
environments can not be applied. These relationships must be quantified and
applicable rating scales identified so that wanufacturers and users can make
meaningful criteria decisions,

The ability to predict internal nwoise levels and spectrum composition is
similar to that described above tor external noise., Application of sound-
proofing to interiors to attain noise yoals is no longer adequate because of
the trend to light weipght more ripid structures coupled with more stringent
criteria.  Soundprootfing will no longer do the job with acceptable weight
fractions, VWith this simple add-on noise control measure unavailable to do
the entire jobh, more sophisticated methods must be developed and used.  These
structural noise control methods must be applied, or at least allowed for,
carly in the helicopter design process.  To do so requires that the extent

of the noise problem and source/path features be identified earlv. Hencey
prediction methods for internal noise are required tor the same types of
reasons that thev are for oxternal noise. Unfortunately these methods are
less complete and reliable than those for external noise,  They must be
developed to the point where they can be used for reliable internal noise
prediction in the preliminary desipgn process so that the needed structural |
noise control measures can be incorporated into the syvstem in a timely manner,
This is absolutely necessary because it is an accepted fact that noise control
accomplished as an add-on to an existing svstem is much more costly than that
which is preplanned.
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Recommendat ions:

Netailed research recommendations are made in the vugraph presentation. The

key to both external and internal noise control is the definition of sources

and development of valid detailed prediction methods tor them, This provides
the tools for controlling noise, More work is rejuired on the development

and verification of criteria for heliport nnise descriptors and internal noise,
Lastly, there must be an ongoing program of cvaluation of noise reduction means
as they are identified to determine their noise/cost payotfs relative to current
methods.
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PRECEDI'A FASE ELAMY MOT FLMED

William Walls
Boeing Vertol

BCEING RiD AIRPLANE NOISE REDUCTION EXPENDITURES
(MILLIONS OF DOLLARS)

AVERAGE
BOEING GOVERNMENT TOTAL YEARLY
YEAR FUNDED FUNDED DOLLARS MANPOWER

1958 THROUGH 1964 2.461 0.322 2.783
1965 : 1.384 0.210 1.594
1966 2,528 0.925 3.453
1967 3.197 3.464 6.661 352
1968 : 10.957 6.878 17.835 746 -
1969 . 8.508 2.873 11.381 746
1970 4.447 1.082 5.529 296
1971 3.594 5.788 9.382 338
1972 6.031 10.918 16.949 635
1973 9.668 9.639 19.303 592
1974 5.866 8.049 13.915 454
1975 A 7.499 2.232 10.731 340
1976 - 8.584 0.845 9,429 280°
1977 11.277 0.569 11.846 308
1978 10.631 0.407 11.038 289
1979 10.088 0.339 10.425 | 356

| TOTAL ‘ 106.718 55.536 162.54

| 1980 (ESTIMATE) (13.866) (0.410) (14.026)

NOTE: ABOVE EXPENDITURES DO NOT INCLUDE CCSTS FOR SUPPORT OF
PRODUCTION AIRPLANE NOISE REDUCTION ACTIVITIES TOTALING
OVER 54 MILLION DOLLARS OR CAPITAL EXPENDITURES FOR
ACOUSTIC TEST FACILITIES TOTALING OVER 18 MILLION DOLLARS.

2-29-80

Airplane manufacturers have invested heavily in noise research programs
for many years, endeavoring to develop viable schemes that would reduce
airplane noise. Boeing alone has averaged over 430 engineers, techni-
cians, and skilled laborers working on noise-r:lated activities during
the past 13 vears. Since 1958, expenditures on noise research have
exceeded $160 million. This does not include some $18 million expended
on scphisticated acoustic test facilities, or over $54 million for
putting the research results into practice on production airplaaes.

I11-213
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D. S. Jenney, Sikorsky

A first-principles analysis is needed, and it must be
well correlated with reliable test data. Building a
reliable data base is an important part of the task where
NASA might work with FAA on test techniques and actual
data gathering. It's important that we not oversell

our capability, and thereby minimize the magnitude of

the task.

A wind tunnel Capability to measure noise is needed. This
‘should be Planned for the 40' x 80’ mddification, and
perhaps modeled ahead of time at smaller scale, to be sure
it will work.

NASA may be able to help invent and demonstrate noise
reduction techniques - new tips, quiet tail rotors,
internal dampening materials.

Fundamental work is needed on noise descriptors,

(Psychoacoustics). Community noise requirements must be
reduced to measureable, not emotional requirements.
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Acoustics Session - Discussion

To some degree, rotor improvements to reduce noise will
also improve performance, so in effect, the reduced noise
is free. At some point, the benefits achievable this way
run out, and a price must be paid. Today's quieter rotors
are probably near that point, but no one knows just where
that point is.

Tail rotor noise is also important, but it's not on NASA's
near-term plans.

Rotor noise efforts must consider both blade loading effects
and off-blade transonic effects. Each requires good

knowledge of airflow environmert around the rotor.
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HAA/NASA ADVANCED ROTORCRAFT TECHNOLOGY WORKSHOP

ABSTRACT OF VIBRATION TECHNOLOGY OVERVILW

Troy M. Gaffey

Rotorcraft vibration control has long been recognized as a
challenging technical problem involving coupling of rotorcraft
aerodynamics and dynamics (Fig. 1). The physics of the rotor-
craft vibration problem are su complex that it is not yet possible
to accurately model the aerodynamic problem or the dynamic problem

separately--let alone the coupled dynamics and aerodynanics.

Vibration Control Approaches

There are two approaches used to control rotorcraft vibration;

the design approach where one attempts to design for inherent low .

vibration and the device approac: where vibraticn control devices

are added to the rotorcraftAspecifically for the purpose of con-’
trolling vibration (Fig. 2). Although the design approach has been
used for many years, desigﬁ technology is still inadequate to design
in inherent low vibration as there is insufficient data available to
permit designing rotors for minimal hub forces and moments and air-
frame dynamic response cannot be accurately predicted. Furthermore,
it is now apparent that factors such as the rotor downwash on the
airframe and the airframe upwash acting on the rotor are impertant
factors in the rotorcraft vibration problem. Very little data is

available with regard to these factors (Fig. 3).
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However, the device approach has progressed to the point where
highly effective vibration controls are available. Such devicés as
hub and blade absorbers, pylon isolaticn schemes and cabin absorbers
and isolation can, when used in conjunction with good dynamic iesign
practice, provide a smooth ride at a weight penaity of 2 to 3 per-
cent of gross weiéht. Of course, these vibration controls dc have
an adverse eff2ct on operating costs in the sense they require
maintenance and repairs or replacement.

Figure 4 is an example of the vibration control devices use@
on three "3rd géneration" civil nelicopters. Note that in spige‘of
size or number of blades similar approachcs and weight penalties
were raquired to achieve the smooth ride expected of these modern
helicopters.

The vibration control devices used on the Gell Model 222 are
illustrated in Eigure 5. In addition to_the Nodal Eeam, which 1iso-
lates the airframe from rotor 2/rev hub forces the 222 uses two
other devices. Hub mounted inplane pefdular absorbecrs are used to
suppress 3/rev inplane vibration--coatrolling 4/rev in the fuselage.
A 2/rev Frahm absorber is mounted in t.ae nose to control 2/rev lat-
eral vibration resulting from main rotor downwash impacting on the
fin. Figure 6 shows measured vibration levels and compares the
measured vibration with BHT comfort goals. The 222 is considered

to have a very smooth ride.

Trends in Vibration Control Technoloagy

There are two trends in vibration control techiology (Fig. 7).
First, devices are being refined and improved such that they cost

less weight, a-e more effective, and have better R&M characteristics

111-22
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(Fig. 8). New devices such as Harmonic Control (lIC) are being
developed. In the near term it is expected that vibration control
devices will be required on new helicopter designs. Second, con-
sigerable research is ongoing or planned to cgntrol vibration by
passive aerodynamics and dynamic tailoring of the rotor and
fuselage (Fig. 9). This far-term vibration control approach is
expected to reduce depenaence on vibration control devices and
will pay off in terms of reduced vibration control weight and

cost and improved R&M.

Recommended Focus for NASA Vibration Research

NASA should focus on developing the methodology and data
base needced tb design for inherent low vibration. The key nceds
are: (1) technology to design rotors for minimal hub forces and
moments, and (2) technology to design airframes for minimal
dynamic response.

1+ -..ould be noted that the U.S. Army has a strong program
directed at further developiny the device approach (see Dr. W.
white's presentation). Consequently, NASA need not feel the
development of improved vibraticn control devices is being over-
looked.

The above recommendation is in accord with those made by
the Acronautics and Space Engineering Board of the National
Research Coun«il in 1378 and the NASA Aeronautics Advisory

committee Rotorcraft gubcommittee inr 1979 and 1980.
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T OF VIBRATION CONTROL DEVICES

EXAMPLE OF REFINEFRE

F1Gure 8.

- NODAL BEAM REFINEMENT

~

asim,

[ S crr
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BELL 206 “LIVE” SYSTEM (1980)

BELL 206 NODAL BEAM (1974)

IGHT WITH SAME ISOLATION EFFECTIVENESS

- 50% LESS COST

’
i

- 50% LESS W

~ TMPROVED R&it CHARACTERISTICS
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William F. White Jr
Army Structures Laboratory (AVRADCOM)

ARMY VIBRATION RESEARCH

Historically, helicopter vibrations have been reduced following advances
in the basic disciplines of aerodynamics and structural mechanics. Figure (1)
illustrates this general trend with early improvements being accomplished
primarily by gradual improvements in vibration design approaches, The con-
tinuing downward trend over the past two decades has predominantly resulted
from the application of numerous vibretion control devices. As =shown in
figure (2), increasingly stringent vibretion specification: and acceptance
of these devices as a primary solution to the vibration rroblem have resulted
in significant vibration control weight penalties.

Although figure (1) shows significant improvement over the years, current
vibration levels are usually achieved by extensive development testing with
the attendant increase in system acquisition cost. The severity of the impact
of vibration on helicopter acquisition cost is illustrated in figure (3) which
shows typical vibration levels of effort during the development cycle of recent
procurenent programs. During the design rhase, there is an increasing level of
effort until first flight. At this point, an abrupt increase occurs that extends
well into the development cycle ani is now extremely costly. Vibration can have
a significant impact on overall system productivity., The major areas most often
subject to degradation from excessive vibration include: flight envelope limita-
tions, human factors, fatigue life, reliability and maintainability.

Possible solutions to the vibration problem are classified into two com-
plementary categories, These are defined as: (1) vibraticn decign technology
which 1nvolves selection of design parameters to yield low inherent vibration
levels, and (2) vibration control devices which minimize either rotating or
fixed system vibratery loads, In practice this division is not possible due
to the dependence of vibration control devices on the dynamics of their
operating environment. The optimum vibration solution involves selection of
those corbinations of configuration parameters and control devices that mini-
mizes the impact of vibratior on total system productivity.

Vibration design technology involves selection of basic design parameters,
subject to other constraints, to yield low inherent vibration levels. This
rrocess depends on a fundamental undevstanding of thos~ combinations of param-
elers that govern vibratory response. Lqually important is the availability
of analytical methodology and experimental data bases to guide the selection
process, Srecial and general pirpore rotor loads analyses supplemented by
data Lases are available to select rotor greometric, ‘nertial, and elastic
parameters to minimize blade root vibratory loads., Airframe design tech-
nology has evolved into the arplication of large-scale finite element models
suprported by structural ortimization and parameter identification techniques.
Rotor/airframe interface design methodolcgy is rapidly improving in the area
of analvtical modeling of structural interface coupling. Although there has
been considerable prosress, vibration design technology is inadequate at all
levels of the design trocess., Correlation and comparative studies of rotor
and airframe analyses have repeatedly cemonstrated the inadequacies of existing
design technology. Furthermore, recent Army helicopter development programs
illustrate that significant voids exist in desifn technolopy that consistently
lead to high inherent vilration and extensive development testing,

PRECEDIMG FAGE GLANK NOT FILMED
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Increasingly stringent Army vibration specifications and voids in design
technology have resulted in the development of a wide variety of vibration
control devices. In fact, recent trends in helicopter vibration design indicate
an acceptance of these devices as the primary solution of the vibration problem.
These devices include rotating absorbers, higher harmonic control, fixed-system
absorbers, and rotor isolation devices placed between the rotor and airframe
interface. Local isolators have been used tc isolate seats, instrument panels,
cabin floors, fuel tanks, and other vibration sensitive dynamic components.
Although the basic principles of most vibration control devices are well under-
stood, the state-of-the-art in vibration control techrology is such that
successful application often requires ~xtensive trial-and-error testing., A
major difficulty with the irtegration of control devices is the ability tn
predict their operating environment as characterized by the coupled rotor/
control device/airframe syster,

Vibration testing involves experimental investigation of structural
transfer functions, aerodynamic forcing functions, system response, and
empirical standards to evaluate the vibration environment. Vibration testing
serves twe valuable purposes in helicopter dynamics., First, it provides a
basis for understanding the dynamic end vibratory load environment. Second,
it supplements voids in existing analytical capability. As conventionally
practiced, most helizopter vibration tests provide limited information for
resolving vibration issues. Helicopter flight vibration tests provide a
direct measure of the actual vibration environment, while full-scale airframe
cround vibration tests are most often conducted to correlate analytical pre-
ictions of airframe resonances and mode shapes., Typically, vibration prob-
ems of the full-scale airframe are extremely difficult to quantify and have

con soived during the develepment cvcle by trial-and-error ground and flight
vibtration testing. Since helicopter vibration problems irherently surface
after the test vehicle has been flown, the development of improved ground
and flight testing methodolnpy is critical to the vibration solution process.

Yo QL

jo

Wind turnel testing continues to be a fundamental experimental technique .
to investigate vibratory loads, From the vibration viewpoint, the primary
concerns include toth roter shaft and wake-induced vibratory loads., The
rrincipal benefits of wind tunnel investigations of vibratory loads include
a sorting out of the interplay or variables, improved understanding of the
rhysical mechanisms, and most importantly, identifving what more needs to

be known o that adequate vibratior design guidelines may be formulated and
¢ that applicable analytical methodoloyy may be developed.

There has been considerable testing to establish human vibration
ex;osure criteria. In many areas it is difficult to extract reliable
yeneralizations from the published literature. In general, the data have
been taken under a wide variety of conditions and have heen extrapolated
to eatablish subjective human comfort criteriz. ‘the extrarolation of
existing human factors data introduces two rroblems, Virst, there is the
possibility of obtaining unnecessarily severe criteria. If vibration
srecifications are reduced below reasistic levels recuired for military
asrlications, there is a decreace in system productivity due to a rapidly
fnereasing weight penalty.  Second, existing data do not prrovide a ratiecnal

tasis for extrarolaticn in meny areas of concern,
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E. R. Wood
Hughes Helicopters Inc.

COMMENTS ON VIBRATION REDUCTION
FOR HAA/NASA AJVANCED TECHNOLOGY WORK SHOP

NASA's recent emphasis on improved modelling for helicopter fuselage
dvnamics is to be commended. Especially ncteworthy is the r>:cent Boeing-Vertol
contract for an improved dynamic NASTRAN finite element model. This program is
being funded by the NASA-Langley Research Center. We are pleased by the struc=-
ture of the program in that it permits all of the helicopter companies to parti-
cipate. Also, we are pleased that in this activity emphasis has been placed on
having a company use the same structural model for dynamic NASTRAN as used by
the structures' people for static loads and stresses. It is nor only costly to
maintain two separate NASTRAN structural models, but also difficult to keep
each both equally well updated.

While good mathematical models are important, we should be careful not
to overemphasize the role of finite element models in helicopter dynamics.

Once the aircraft is built and vibration tests complefe; we have the opportunity
to take advantage of analyses based upon use of dactual aircraft dynamic test
data. We have found experimental vibration data to be invaluable in analyses

to explore such areas as: (1) frequency changes due to changes in stiffness

and mass distribution; (2) mobility studies to determine the optimum location
for fixed tuned vibration absorbers; and (3) establishing dynamic forced
response of the fuselage by modal superposition.

Another area where we would encourage NASA support is in research to
explore the relative cohtribution to fuseiage vibration due to main rotor and
horizontal tail surface excitation respectively. For example, most dynamicists
agree that the relatively high vibration levels experienced in helicopters in

the 30 to 40 knot regime are primarily due to majn rotor excitation resulting
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from blade-vortex interaction. Not as well understood, however, is the source
of high speed vibration. Inflight investigations at Hughes Helicopters have
shown that significant excitation at high speed arises from the main rotor wake
impinging on the horizontal stabilizer. For example, we recently flew one of
our helicopters to 100 knots with and without a horizontal ©:.il surface. The
data showed vibration levels at 100 knots without the tail surface to be about
one-third those measured with the tail surface installed. This area is open
for further invesﬁigation by NASA researchers. - -

My comments would not be complete without some mention of Higher Harmonic
Control. This subject evoked considerable interest at the AHS Forua lasf Méy,
and already some discussion at this meeting. We at Hughes are fortunate to be
tasked with the NASA/Army project to flight test a higher harmonic control
system on an OH-6A" in August 1981. I believe that both Government and industry
are watching this effort to see whether HHC offers the promise to reduce heli-
copter vibration levels by such an amount as to bring us closer to our 1ong—
sought dream of a jet-smooth ride. As most of you are aware, the first efforts
in this area were done by Jan Drees of Bell in 1963 on an UH-1A using mechanical
means. Today with the promise of advanced miniturized electronics, it appears
that we have a better opportunity of meeting that goal. Should HIC prove feasi-
ble, there is little question in my mind that the rest of our industry would
move quickly to incorporate such a concept in their helicopters. We feel we
have a sobering responsibility to all of you in making sure that our forthcoming

HHC flight test program provides an objective and honest evaluation,

I11-252




D. S. Jenney - Sikorsky

Key Points:

1. Government and industry must develop and correlate
a predictive Capability so vibrations can be reliably
treated at the design stage.

2. Vibrations should be reduced at the source. Better
reliability of hardware will be the primary benefit
now that passenger levels are Tow.

3. New vibration concepts such as HHC need test and
evaluation - of sufficient scope to be sure the

Proper conclusions on their viability are reached.

4. Operational problems of track and balance and vibration
trouble-shooting deserve some fundamental research.
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Vibrations Session - Discussion

. NASA's NASTRAN correlation efforts using the CH-47 are

an updated repeat of earlier attempts to correlate
F_ with the CH-53. Opinions on the likelihood of success
varied widely. There have been many failures at attempts
to use NASTRAN for Jynamics predictions - probably related to
inability to adequately describe the structure, not to any
errors of the program itseif.

. When hardware is availabie, modal models based on shake
1. test can be more accurate, useful math models, than a
: finite-element model.

NASA was urged to develop some generalized vibration test
facility. Earlier guidance to NASA has pointed away from
configuration-specific solutions, so the facility would
have to be generic. Perhaps NASA would better fund
individual organizations to build their (several) specific
capabilities. That is the approach now being taken.

What is the follow-on to higher harmonic control tests on
the OH-6? No further funds allocated. Results to be
correlated and technology available to new production -
pernaps AH-64 or UH-60. If results are poor or marginal,
more vesources should be applied to be sure we get a proper
AN evaiuation.

Should NASA support votor hub concept development?
Responses varied from "no" to "yes, as part of total
% rotor improvement."
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COMPOSITE APPLICATIONS FOR HELICOVTERS

HAA/NASA Advancad Rotorcraft Technolopy tiorkshop

John L. Shipley
Qtructures Laboratory
US Army Research & Fochnology Laboratories (AVRADCONY)

Almost from the bepinning of the tivst successful helicopter, there have been
spov;uiic attempts to incm‘po:u\‘tc composites ot some form into helicopters.

In 1943 Sikorshy had plastic fmpregnated wood cowd ings on the R=LA and stream-
lininge with molded plastic imprepnated tiberplass cloth on the R-6A. As early
as 1950, an all tiberplass and plastic Laminated skin weighinge 3 pounds wWas
cuccennfully tested and tlovm on the Y=o The Cirst all composite primary
atructure was the {iberslass rotor blade brilt tor the Raman HH-H3D and {flown
in 1oe? but did not enter production beearse the one-for-one metal replace-
rent made production costs prohibitive. A tabrication conts for metals
nereased ond compoaite rav material couts decreased, ihe eftorts to apply
couposilen to helicopters boeoame move systematic, and in 1970 f iberglans
bilades were flownon the CH=u7, and boren hiades were {lown on the same
holicopter the following yoat. dn 107d componite 1Hight contpoes wore
demonatrated and a durability evaluation ol componiton van init tated with
tha fiight sorvice propvam ol the boron reintoreed 1ail cone on the CH-5h,
Current state-ot-the-arct in helicopter cowpositen can be aunsesned by the
sipaiticant events whiich have happeacd in this ared for the panl tew yoars
with military related Aiveratt in the Uidted btates, In 1978 the Avay's
Blockhawh vas tivet flown with a praphite tail rotov, titantwn and com-
Ladeir, bovon stitteners, and 20% ol the extestor surface of

<
3

1‘0".ih‘ rotor b
Koviar and Liberplass. That same vear alld composite HLH rotow Dladon were
also tested.s  dny 3975 tha Advanesd Attack Helicoptes was flown with metal
and fiberglass miltiple span Dlades and 2u% ot the exlorior suptace made
yrom Keviar and plass. Puring, the same yoar composite sanutacturing
flexibility provided jmproved curvivability with an all componite multiple
tuhular spar concept, antoan a1l compaaite drive shatt waoes doemonstrated.

In W76 the foasibility ot fitawent winding of lavge cosponents Was
dernntrated with a tail cone on the AL, an was the et cect ivenens of

a1l bonded structurss on the HOH tuselane compotients. Ao part ol thw
Arng s product Tuprovenent propiad for the Atl=1, atl oo conite main votowr
bhlades were tloen in 177, that same yeav the teauibility ot all conpanite
hubn were demenstrated with o 172 seale CH-DE system, and composite Loanding,
[ wore tested for the AAHL A part of auother Arvmy product improverent
pragram, atl composite hlades tor the Cl=470 and the bearinglens main vetov
entered flright test in 1978,

Tis systemitic and doedicated oftort tointroduee the sidenpread applicat ions
(‘o:.:’,m.:ih":: ho helicoptens s been brougiit about because ol theiv poten-

1 oimpact inotheee hey ey @ oof intereat to the Avay. In the avea ol
oA ey o o i tes ol tor raduced erpty weisht, m mud aeturing $lexi-
ity fov .\ulu_\l_\u.\:.‘.’.c Shaping, and tailorvinge ot dynnmic responsc. To
suarvivabhility, conponites otter fnproved batl fotic amd B ling danagee
toleranc, i'.‘\pi‘\‘w\'\\l tatipr  and tractuee wechnicny and T none canaiy
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reduced detectability. Acquisition and operational costs of helicopters

can be reduced by composites throurh reduction in manufacturing manhours,
raw material requivements, parts counts, and maintenance manhours per

flight hour. In additicen, composites should improve field repairability,
availability and utilization lite, Studies have shown that these advantages
of composites are applicable to over 58% of the helicopters empty weipht,
and that organic matrix composites are ideally suited for about 95% of these
applications with metal matrix composites best suited with the remaining 5%
of these applications.

Component and systems studies and development programs have substantiated
these potential benetfits of composites. Tor main rotor blades, composites
offer a 100 weipht and cost reduction in addition to acroelastic tailor-
ability, ballistic tolerance and improved producibility. In the avea of

the hub, composites provide the capability tor failsafe designs as well

as a 25% weight reduction and 50% cout reduction. Application of comvosites
to taill rotors will result in reduced maintenance, 25%% cost reductien, and

a 10% welpbt reduction, These investigations and development programs have
shown that all composite landing years can result in improved crashworthiness,
25% cost reduction, and a 10% weipht reduction.  Developrent programs in air-
frame components have led to the concluzion that weipght and cost reductions

sy

on the ovder of 207 can be achicved through the applicatien g composites to
helicopter fuscelaresn.  These investigations pave impetus to the Avmy's pre-
desien studies and subsecquent REP for the Advanced Composite Alrdrame
Fropram.  In addition to providing tor current day specitfications with
recard te batlistic tolevance, crashworthiness, veliability, and maintain-
ability, a mijor program goul in to demonstrate a 220 airvirame weipht
savings and a 170 roduction in aivfrvame acguisition conts,  In addition to
dewonstration ot the improvements in aivirvame performince and capability
throurh the use of advanced materials, the ACAD Propram's objective is to
catablish confidence in composites within the helicopter industry and the

potential users,

The Army's ACAY Program and development demonstration proprams at the
component level represent a 1980 technolopy potential of composites.
Within this technolopy, the factors which atfect or restrict the tull
realization of comvosite potential continucs to be the requirved demon-
stration to the user, producer, and certitier prior to advocation on a
major avstem; high cost of rescarch and development prohibits the
historical cut-and-:iry techniquess conservative tatipue and durability
Jdesipn allowables ave based on limited lnowledpe and in sowe canes,
prevailing rumors; the analytical and desipn techniques available in

the laboratory are not reflected in the production design techniques;
one-far-one comporite replacements for the vetal counterpart is

still p:‘o!zibiti\'b; the enerry absorption and inpact damape tolerance

ot copposites has to be lncrveased to that ot wetals cither through
miterial changes or desipn conceptsy and structural opt iwmization throuph
the application ¢: composites for static strenpth and dynamic tuning has
to be validated,  Trese factors represent the arcas of enphasis tor the
Next peneration corsesite technolopy tor helicopters,
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Composites Session - Discussion

How can we better standardize on materials? With the

present system, requalification results if a different
manufacturer is used. The USAF design guide does not

help, nor dues the updated DOD-NASA advanced composite
design guide.

Thre effect of environmental exposure, particularly moisture,
on composites was debated. Many components have seen years
of service without a problem, but any controlled tests show
a significant degradation. Probably, lab tests are more
severe than the real environment they simulate, and at the
same time, early design applications were conservative
enough so that some loss of properties was not enough to
cause failures.

Why are composites so slow in bteing accepted? Answers
offered were: cost; lack of expertise in using the
materials, technological conservatism, lack of & "need"
until fuel and strategic metals became scarce.

not the simpler application of fiberglass to replace
metals.
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